Studies on chemical modification of amino acid residues in spasmoneme related to its Ca²+-induced contractility by 方 杰
  
 
 
Studies on Chemical Modification of Amino Acid Residues  
in Spasmoneme Related to its Ca2+-induced Contractility 
 
スパズモネームの Ca2+励起収縮性に関係する 
アミノ酸残基化学修飾に関する研究 
 
 
 
 
 
2004年 3月 
 
方  杰 
 
 
  
 
Studies on Chemical Modification of Amino Acid Residues  
in Spasmoneme Related to its Ca2+-induced Contractility 
スパズモネームの Ca2+励起収縮性に関係する 
アミノ酸残基化学修飾に関する研究 
 
 
2004年 3月 
 
 
早稲田大学大学院理工学研究科 
生命理工学専攻 脳活動ハイテク測定技術研究 
 
 
方  杰 
 
 
Contents 
CHAPTER 1  GENERAL INTRODUCTION............................................................................................... 1 
1.1  RESEARCH BACKGROUND ....................................................................................................................... 1 
1.2  RESEARCH PURPOSE ................................................................................................................................ 5 
1.3  OUTLINES OF THE THESIS ........................................................................................................................ 6 
1.4  FIGURES................................................................................................................................................. 10 
1.5  REFERENCES .......................................................................................................................................... 13 
CHAPTER 2  CHEMICAL MODIFICATION OF GLYCERINATED STALKS SHOWS TYROSINE 
RESIDUES ESSENTIAL FOR SPASMONEME CONTRACTION OF VORTICELLA SP. .................... 17 
2.1  ABSTRACT ............................................................................................................................................. 17 
2.2  INTRODUCTION ...................................................................................................................................... 18 
2.3  MATERIALS AND METHODS ................................................................................................................... 20 
2.3.1  Chemicals ....................................................................................................................................... 20 
2.3.2  Cell Culture and Glycerol Treatment.............................................................................................. 20 
2.3.3  Experimental Procedure of TNM Chemical Modification.............................................................. 21 
2.3.4  Experimental Procedure of DACM Effect on Vorticella Stalk ........................................................ 21 
2.3.5  Contractility Degree....................................................................................................................... 22 
2.3.6  Effect of Pre-incubation with Ca2+ on Spasmoneme Contractility................................................. 22 
2.3.7  Effect of TNM on Ca2+ Affinity of Spasmin..................................................................................... 23 
2.4  RESULTS................................................................................................................................................. 24 
2.4 1  Effect of TNM Concentration on Stalk Contraction ....................................................................... 24 
2.4.2  Effect of TNM on Stalk Contraction at Various pH ........................................................................ 24 
2.4 3  Effect of DACM Modification on Vorticella Stalk........................................................................... 24 
2.4 4  Effect of Ca2+ Protection ................................................................................................................ 25 
2.4.5  Effect of TNM on the Ca2+ Binding Ability of Spasmin .................................................................. 25 
2.5  DISCUSSIONS ......................................................................................................................................... 27 
2.6  FIGURES AND LEGENDS ......................................................................................................................... 30 
2.7  REFERENCES .......................................................................................................................................... 39 
CHAPTER 3  EFFECT OF CYSTEINE RESIDUES ON SPASMONEME CONTRACTION IN 
VORTICELLA SP. AND CARCHESIUM SP. ................................................................................................. 42 
3.1  ABSTRACT ............................................................................................................................................. 42 
3.2  INTRODUCTION ...................................................................................................................................... 43 
3.3  MATERIALS AND METHODS ................................................................................................................... 45 
3.3.1  Chemicals and Instruments ............................................................................................................ 45 
3.3.2  Cell Culture and Glycerinated Treatment....................................................................................... 45 
 i
3.3.3  Experiment Procedure of Chemical Modification with DACM...................................................... 46 
3.3.4  Contractility Degree....................................................................................................................... 46 
3.3.5  Effect of Pre-incubation with Ca2+ on Spasmoneme Contractility................................................. 46 
3.3.6  Extraction of Spasmoneme Protein ................................................................................................ 47 
3.4  RESULTS................................................................................................................................................. 48 
3.4.1  Effect of DACM Concentration on Stalk Contractility ................................................................... 48 
3.4.2  Effect of DACM Treatment Time..................................................................................................... 48 
3.4.3  Effect of Calcium Preincubation .................................................................................................... 48 
3.4.4  Identification of DACM-labeling Protein....................................................................................... 49 
3.5  DISCUSSIONS ......................................................................................................................................... 50 
3.6  FIGURES AND TABLES ............................................................................................................................ 51 
3.7  REFERENCES .......................................................................................................................................... 60 
CHAPTER 4  CHEMICAL MODIFICATION OF CONTRACTILE 3NM DIAMETER FILAMENTS 
IN VORTICELLA SPASMONEME BY DIETHYL- PYROCARBONATE AND ITS REVERSIBLE 
RENATURATION BY HYDROXYLAMINE ............................................................................................... 63 
4.1  ABSTRACT ............................................................................................................................................. 63 
4.2  INTRODUCTION ...................................................................................................................................... 64 
4.3  MATERIALS AND METHODS ................................................................................................................... 66 
4.3.1  Chemicals and Instruments ............................................................................................................ 66 
4.3.2  Vorticella Culture and Glycerinated Treatment.............................................................................. 66 
4.3.3  Experiment Procedure of Chemical Modification with DEPC....................................................... 66 
4.3.4  Contractility Degree....................................................................................................................... 67 
4.3.5  Contractility Reversibility of Modified Spasmoneme with Hydroxylamine. ................................... 67 
4.2.6  Extraction of Spasmoneme and Purification of Spasmin ............................................................... 68 
4.3.7  Ca2+ Protection of Spasmoneme against DEPC Modification. ...................................................... 69 
4.3.8  DEPC Effect on Ca2+ Binding Ability of Spasmin.......................................................................... 69 
4.3.9  GST-spasmin Precipitation and West-western Blotting. ................................................................. 69 
4.4  RESULTS AND DISCUSSIONS................................................................................................................... 71 
4.4.1  DEPC Properties............................................................................................................................ 71 
4.4.2  Inhibition on Spasmoneme Contraction with DEPC...................................................................... 71 
4.4.3  Contractility Degree Reversibility of Modified Spasmoneme with Hydroxylamine ....................... 72 
4.4.4  Ca2+ Protection .............................................................................................................................. 73 
4.4.5  Effect of DEPC on the Ca2+ Binding Ability of Spasmin................................................................ 73 
4.4.6  Identification of the Protein Interacted with Spasmin.................................................................... 74 
4.5  FIGURES AND TABLES ............................................................................................................................ 76 
4.6  REFERENCES .......................................................................................................................................... 84 
CHAPTER 5  CONCLUSIONS AND PROSPECTS .................................................................................. 87 
 ii
5.1  CONCLUSIONS ........................................................................................................................................ 87 
5.2  PROSPECTS............................................................................................................................................. 88 
ACKNOWLEDGMENTS ............................................................................................................................... 89 
PUBLICATION LIST...................................................................................................................................... 91 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 iii
Chapter 1  General Introduction 
1.1  Research Background  
    In 1702, Leeuwenhoek described a simple unicellular organism as ‘‘…these little animals 
were fashioned like a bell…and though I must have seen quite 20 of these little animals on their 
long tails alongside one another very gently moving with outstretched bodies and straightened 
out tails; …they pulled their bodies and their tails together, and no sooner had they contracted 
their bodies and tails, than they began to stick their tails out again very leisurely, and stayed thus 
some time continuing their gentle motion.’’  This is the first description of Vorticella. 
    The living stalks of Vorticellid ciliate, such as Vorticella sp., Carchesium sp. and 
Zoothamnium sp. (Fig. 1-1), possess a unique contractile system, repeating the contraction/ 
extension cycle many times by the addition/removal of calcium.  Contraction/extension cycle 
can also be repeated in glycerinated stalks by the addition/removal of calcium (Amos. 1971; Asai 
et al, 1978; Febvre et al, 1982; Hoffmann-Berling, 1958).  During the cycle, contraction is 
extremely rapid, faster than any muscle, and extension is slower.  It seems preferable than 
myoneme that is a close similarity to a muscle.  The energy for this contractile system is 
completely from the calcium binding.  So the contractile system is independent of ATP or other 
organic fuels and fundamentally different from the movement system of actin/myosin or 
dynein/tubulin.  This finding fascinates scientists interested in basic problem of cell because 
there are few purely physical systems operating in living organisms.  In addition, the contractile 
system is the fastest and most powerful micro-actuators.  The spasmoneme will contact at 
velocities approaching 8 cm/s after calcium addition (Amos, 1971; Moriyama et al., 1998).  
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Amos estimated the power involved in the contraction to be 500 times the average power of 
human skeletal muscle.  It has a wide variety of potential applications if the contraction 
mechanism can be elucidated on the molecular scale and mimicked in vitro. 
    Spasmoneme is a bundle of contractile filaments in the stalks (Entz 1892).  Stalks 
contraction is induced by spasmoneme contraction.  So spasmoneme contraction is the same 
meaning as stalks contraction in some degree.  Ultra-structural studies have shown that the 
spasmoneme is located asymmetrically with the stalk and bounded by several membranes, as 
shown in Fig. 1-2 (Amos, 1972).  Spasmin is believed to form (whole or in part) the 
spasmoneme, which belonging to EF-hand super-family of calcium binding proteins (Amos, 
1971; Amos, 1972; Amos, 1975; Amos et al, 1975). 
    In previous studies, Amos et al found that there were two calcium binding proteins 
(Spasmin A and B) in Zoothamnium geniculatum and Asai et al showed that there were at least 
three calcium binding proteins from the stalks of Carchesium polypinum (Amos, 1975; Asai et al, 
1982).  Many researches indicated that spasmin was related to centrin that was firstly isolated 
from Tetraselmis striata by Salibury group, because of many similarities, such as molecular 
weight (about 20kDa), acidic pI, calcium binding ability, similar protein properties (the 
anti-spasmin and anti-centrin polyclonal antibodies detect some of the same antigens (Asai et al, 
1998; Buhse, 1998; Lee et al, 1991; Levy et al, 1956; Levy et al, 1996; Salisbury, 1998).  
However, there are many significant differences between spasmin and centrin.  1) Spasmin has 
two EF-hand calcium binding sites and can bind two calcium ions, while centrin can bind four 
calcium ions (Amos et al, 1975; Moncrief et al, 1990).  2) Until now, spasmin is only found and 
isolated from the stalks of Vorticellid ciliate and not necessary for basal bodies, while centrin can 
be found in many kinds of protists (Tetraselmis striata, Isotrichal polyplastron, Acantharia, 
dinoflaellate, Platymonas, Chlamydomonas, Naegleria gruberi) and associated with cell division 
(in the spindle pole bodies of yeast and in the centrosomes of many vertebrates including human) 
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(Baum et al, 1986; Cachon et al, 1981; Errabolu et al, 1994; Febvre et al, 1982; Levy et al, 1996; 
Routledge et al, 1978; Salisbury et al, 1978; Salisbury et al, 1984; Salisbury et al, 1988; 
Salisbury et al, 1995; Vigues et al, 1985: Yokoyama et al, 1987).  3) Spasmin-based contractile 
system can repeat the contraction/ extension cycle many times by only the calcium 
addition/removal and independent of ATP, while centrin-based contractile system cannot repeat 
the re-extension and require ATP (Amos, 1972; Hoffmann-Berling, 1958; Salisbury et al, 1998). 
    About spasmoneme contraction mechanism, Hoffman-Berling assumed that contraction 
energy is stored by electrostatic repulsion between negatively charged filaments and the 
spasmoneme filament will collapse into isotropic state because the negative charges of 
spasmoneme filaments are screened after the calcium addition.  In that times, the structure and 
protein composition of spasmoneme are unknown.  Recent two decades researches point out 
that it is spasmin binding with calcium.  In addition, the evidences on electron microscopy 
(Amos, 1972; Allen, 1973; Amos, 1975) suggests that spasmoneme consists of a bundle of 
roughly parallel filaments that are weakly cross-linked to each other when spasmoneme is in the 
absence of calcium, while spasmoneme will collapses into an entropic spring when it is in the 
present of calcium ion.  Furthermore, birefringence measurements (Amos, 1971) show that the 
extended spasmoneme is positively birefringence with respect to its length and the contacted 
spasmoneme will results in the birefringence falling to zero, which strongly suggests that 
spasmoneme contraction is a folding of polymeric molecular rather than a sliding filaments 
mechanism. 
    Amos et al. also proposed that it was possible that spasmoneme contraction was due to 
entirely to the spasmin molecular that may either change shape or alter its manner of bonding in 
the filament when calcium became bound to it (Amos, 1975).  Mahadevan et al showed how the 
spasmoneme performed the contraction in Fig. 1-3.  However, many phenomena could not be 
explained by Amos’ proposal during the studies on the properties of spasmoneme. 
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    Yamada et al. has presented evidence that spasmoneme could not contract after extraction 
by high salt.  But the filament structure of the spasmoneme had no apparent changes (Yamada e 
al, 1985). 
    Kono et al. has showed that chemical modification of glycerinated stalks with Chloramine T, 
HNBB or NBS would cause the loss of spasmoneme contractility, while tryptophan residues are 
either absent or occur at very low concentration in spasmin (Kono et al, 1997). 
    In the investigation about the physical properties of spasmoneme before and after 
Ca2+-induced contraction, Moriyama et al. found that the extension curve of spasmoneme in 
Zoothamnium was that of rubbery elastic and estimated the molecular weight of a chain between 
crossing-linking point about 50kDa.  It seems that spasmin is not suitable candidate because the 
molecular weight of spasmin is about 20 kDa (Moriyama et al, 1999). 
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1.2  Research Purpose 
    The molecular mechanism in detail for contraction of spasmoneme contraction has not been 
determined in detail yet, although it is already known that this contraction is due to molecular 
folding rather than filaments sliding.  Most important, spasmoneme filament has not been 
reconstituted from purified proteins. 
    In the past time, many studies focused on spasmin because spasmoneme produced the 
contraction and extension by binding and releasing calcium ion and was composed of spasmin.  
In addition, spasmoneme components are unknown, although it is well known that spasmin is the 
main component of spasmoneme.  So it is difficult to identify the locate site of essential amino 
acid residues and function proteins because there is no suitable method and reagents. 
    Recent, Maciejewski et al constructed the first Vorticella cDNA library and expressed the 
cDNA encoding spasmin in E. coli BL21cell (Maciejewski et al, 1999).  In 2002, Itabashi et al 
constructed and expressed the cDNA encoding spasmin 1 of Zoothamnium (Itabashi et al, 2003).  
In addition, Asai group has succeeded in preparing for anti-spasmin antibody and 
anti-GST-spasmin antibody recently.  It is advantage for us to detect the function of both 
spasmin and other proteins for spasmoneme contraction. 
    Chemical modification method is a very useful strategy to identify active site, study protein 
function and pinpoint the essential residues (Beckingham et al, 2001; Ding et al, 2002; 
Gacheruetal, 1988; Kono et al, 1997; Liu et al, 1990; Nakata et al, 1986; Sutoh, 1982).   
    Therefore, isolation and characterization of not only calcium binding protein but also of 
other protein which maybe directly or indirectly related to the spasmoneme contraction are very 
important and interesting by using the method of chemical modification, although much work 
will be required to elucidated the molecular mechanism of spasmoneme contraction in detail. 
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1.3  Outlines of the Thesis 
    The stalks of Voritcellidae ciliate can coil spastically.  This kind of coiling is caused by 
spasmoneme.  Spasmin is the main component of spasmoneme, belonging to EF-hand super 
family of calcium binding proteins.  So, many extension studies focus on the spasmin because 
stalk contraction is calcium-dependent and ATP-independent.  In the present thesis, the 
glycerinated stalks are regarded as a model system to demonstrate the essential amino acid 
residues for spasmoneme contraction.  The functions of tyrosine, cysteine and histidine residues 
were investigated by using glycerinated stalks.  This thesis consists of five chapters and is 
shown as follows. 
In chapter 1, an introduction was given. The background and the purposes of this research 
were described. 
In chapter 2, the effect of tyrosine residues on spasmoneme contraction in Vorticella sp. was 
identified by using a specific reagent for modifying tyrosine residues.  Chemical modification 
with tetranitro- methane (TNM) was often used to investigate the role of tyrosine residues in 
proteins.  Reaction rate between TNM and tyrosine residues in protein increased with the rising 
of pH from 7.0 to 10.0.  In addition, nitration did not occur to below pH7.0.  The effects of 
TNM concentration and pH on spasmoneme were investigated.  The contractility degree of the 
stalks decreased 90% with the raising of TNM concentration from 0 to 100μM at pH8.0.  The 
contraction of Vorticella stalk was markedly inhibited when TNM concentration was at 80-100μ
M.  The loss of contractility degree of spasmoneme was an irreversible and concentration 
dependent at 0°C and pH8.0.  The effect of TNM on stalk contraction was performed at various 
pH.  In consideration of TNM decomposition with pH rising, we prepared for TNM 200μM, 
although TNM 100μM could completely inhibit spasmoneme contraction at 0°C, pH8.0.  
Spasmoneme contractility without TNM chemical modification was not affected by pH from 
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pH7.0 to pH8.5, which implied that tyrosine residues were essential for spasmoneme contraction.  
It is generally known that TNM can oxidize sulfhydryl of cysteine residues.  So it is necessary 
to explore the function of cysteine residues in order to confirm the role of tyrosine residue in 
spasmoneme.  The results of N-7-dimethyl-amino-4-methyl-coumarinyl-maleimide (DACM) 
modification showed that chemical modification with DACM unaffected the stalks contractility.  
Ca2+ protection experiment showed the pre-incubation Ca2+ could protect spasmoneme 
contractility.  It suggested that tyrosine residues were involved in the protein related to 
spasmoneme contraction.  But tyrosine residues are outside the spasmin EF-hands, so TNM 
apparently inhibited calcium binding, it might be a good starting point for the mechanism 
investigation of spasmoneme contraction.  The experiments of TNM effect on spasmin calcium 
binding ability were performed in order to explore the location site of the essential tyrosine 
residues.  The results suggested that the essential tyrosine residues were located at spasmin and 
another function protein existed in spasmoneme. 
In chapter 3, the effect of cysteine residues on spasmoneme contraction was compared in 
Vorticella sp. and Carchesium sp.  Cysteine residue is a typically functional amino acid and 
exists in the active site.  N-7-dimethyl-amino-4-methyl-coumarinyl maleimide (DACM) has 
long been used for the chemical modification of peptides and proteins.  Spasmoneme 
contraction is unaffected by chemical modification of cysteine residues.  We confirmed that 
cysteine residue was not important for spasmoneme contraction.  However, we found that 
cysteine residues played an important role for spasmoneme contraction in Carchesium sp.  
Spasmoneme could not contraction when it was incubated with 500μM DACM pH7.0, for 60 
min.  In addition, DACM is a highly specific fluorescent reagent for cysteine residues.  In 
order to explore the protein modified by DACM, the spasmoneme extract protein was modified 
by DACM.  Unreacted DACM was quenched by the addition of 0.1 M DTT.  After 
electrophoresis, the DACM-labeled protein bands were detected by illuminating the gel with a 
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UV lamp.  We found that the protein labeled by DACM was the one of molecular weight about 
200 kDa.  The important involvement of cysteine residues in spasmoneme contraction in 
Carchesium sp. will contribute to speculate the relationship between the 50 kDa protein and the 
200 kDa protein that has been recently identified by our laboratory. 
In Chapter 4, it was proved that histidine residues played an important role in spasmoneme 
contraction.  Although diethyl-pyrocarbonate (DEPC) can react with several amino acid side 
chains, such as histidine, lysine and tyrosine, the histidine side chains can be specifically 
modified by DEPC at pH6.0.  To examine whether histidine residues are essential for 
spasmoneme contraction, we studied the effect of DEPC on glycerinated stalks.  Modification of 
spasmoneme with DEPC resulted in the inhibition of spasmoneme contraction.  The contraction 
of spasmoneme was markedly inhibited when stalks were incubated in 2.5 mM DEPC for 20 min 
at 0℃, pH6.0.  In addition, the loss of spasmoneme contractility degree was dependent on time 
and modification concentration.  DEPC (5 mM) could cause 96% loss of spasmoneme 
contractility degree in 5 min at 0℃, pH6.0.  At the same time, the modification of spasmoneme 
extract proteins with DEPC showed that the absorbance increased at 244 nm correlating with the 
rising of DEPC concentration, which is consistent with the characteristic of DEPC modified 
histidine.  In the experiments of hydroxylamine treatment, the loss of spasmoneme contraction 
resulting from DEPC treatment could be partially recovered by hydroxylamine treatment.  In 
addition, when the extracted spasmoneme protein modified by DEPC (4 mM for 10 mins) was 
incubated hydroxylamine solution for 240 min, the absorbance at 244 nm decreased.  These 
results indicated that histidine residues in spasmoneme were modified DEPC and that 
ethoxyformyle-histidyl bond was relatively unstable and could be broken by hydroxylamine.  
Spasmoneme contraction was caused by the addition with Ca2+.  We investigated the effects of 
Ca2+ on spasmoneme contraction.  The results indicated that the spasmoneme contractility could 
be markedly protected by pre-incubation with 2 mM Ca2+.  But the native-PAGE results of 
 8
DEPC modified spasmin, with and without Ca2+ pretreatment, showed that the Ca2+ binding 
ability was not altered by DEPC treatment, which suggested that the essential histidine residues 
were not on the Ca2+ binding site of spasmin.  These results implied that the effects of DEPC on 
spasmoneme contraction might not be on spasmin modification, but instead of another protein, as 
exemplified by the spasmin-receptor protein.  In order to identify the proteins including the 
essential histidine residues, GST-spasmin with Glutathione Sepharose 4 Fast Flow beads was 
incubated with spasmoneme extracted protein without and with DEPC modification, respectively.  
The mixture was centrifuged after extension washing. The precipitation was re-suspended and 
incubated with reduced glutathione.  Then, the solution was centrifuged.  The supernatant of 
were resolved by SDS-PAGE.  We found that there were two proteins modified by DEPC.  
Molecular weights of the two proteins were about 40 kDa and 50 kDa.  We identified that the 
protein including the essential histidine residues was the one whose molecular weight was about 
50 kDa by immuno-precipitation, SDS-PAGE and West-western Blotting. 
In Chapter 5, the conclusions of this thesis are drawn and the subjects for the future study 
are described on the basis of the conclusions. 
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1.4  Figures 
  
BA 
  
C-1 C-2
Fig. 1-1  Living Vorticellid ciliate.  A: Vorticella sp. (extension state) B: Zoothamsium sp. 
(contraction state)  C: Carchesium sp.  C-1: Carchesium sp. is in the full extension state; C-2: 
Carchesium sp. is in the contraction state.  
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Fig. 1-2  A model of stalk composition. (Amos, 1972). 
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Fig. 1-3  A model of spasmoneme contraction mechanism.  The extended state (left) consists 
of aligned filaments held apart by negative charges (blue).  Calcium (red) neutralizes the charge, 
and the filaments condense (right) into a rubber-like material.  (Mahadevan et al, 2000) 
 
 
 12
1.5  References 
Amos, W.B.  (1971)  Reversible mechanomechinal cycle in the contraction of Vorticella. 
Nature  229: 127-128  
Amos, W. B.  (1972)  Structure and coiling of the stalk in the peritrich ciliates Vorticella and 
Carchesium.  J. Cell Sci.  10: 95-122  
Amos, W. B.  (1975)  Contraction and calcium binding in the Vorticellid ciliates. Molecules 
and Cell Movement. S. Inoue, and R. E. Stephens, editors. Raven Press, New York.: 
411-436 
Amos, W.B., Routledge, L.M., Yew, F.F.,  (1975)  Calcium-binding proteins in a vorticellid 
contractile organelle.  J. Cell Sci.  10: 203-213.  
Asai, H., T. Ochiai, K. Fukui, M. Watanabe, and F. Kano.  (1978)  Improved preparation and 
cooperative calcium contraction of glycerinated Vorticella.  J. Biochem.  83: 795-798.  
Asai, H., T. Ninomiya, R. Kono, and Y. Moriyama.  (1998)  Spasmin and a putative spasmin 
binding protein(s) isolated from solubilized spasmonemes.  J. Euk. Microbiol.  45: 
33-38.  
Baum P, Furlong C, Byers B.  (1986)  Yeast gene required for spindle pole body duplication: 
homology of its product with Ca2+-binding proteins.  Proc Natl Acad Sci USA.  83(15): 
5512-5516. 
Beckingham JA, Housden NG, Muir NM, Bottomley SP, Gore MG.  (2001)  Studies on a 
single immunoglobulin-binding domain of protein L from Peptostreptococcus magnus: the 
role of tyrosine-53 in the reaction with human IgG.  Biochem. J.  353(Pt 2): 395-401. 
Buhse, H.E. Jr., (1998)  Symposium introductory remarks: from calcium-binding proteins to 
contractile organelles.  J. Euk. Microbiol.  45: 27. 
Cachon J, Cachon M.  (1981)  Movement by non-actin filament mechanisms.  Biosystems. 
 13
14(3-4): 313-26 
Ding, S., Li, Y., Zhu, L., 2002.  Identification of histidine residues at the active site of 
Megalobatrachus japonicus alkaline phosphatase by chemical modification.  Biochim. 
Biophys. Acta.  1594(1): 100-108. 
Entz, G.  (1892)  Die elastichen und contractile Elemente der Vorticellinen.  Math. Natur.  
Berichte Ungarn.  10: 1-48 
Errabolu R, Sanders MA, Salisbury JL.  (1994)  Cloning of a cDNA encoding human centrin, 
an EF-hand protein of centrosomes and mitotic spindle poles.  J. Cell Sci.  107(Pt1): 
9-16 
Febvre, J. and Febvre-Chevalier, C.  (1982)  Motility processes in Acantharia (protozoa). 
I-Cinematographic and cytological study of the myonemes.  Evidence for a helix-coil 
mechanism of the constituent filaments.  Biol. Cell  44: 283-304 
Gacheru SN, Trackman PC, Kagan HM.  (1988)  Evidence for a functional role for histidine in 
lysyl oxidase catalysis.  J. Biol. Chem.  263(32): 16704-16708 
Hoffmann-Berling, H.  (1958)  Der Mechanismus eines neuen, von der Muskel kontraktion 
verschiedenen Kontraktionszyklus.  Biochim. Biophys. Acta.  27: 247-255 
Itabashi T, Mikami K, Asai H.  (2003)  Characterization of the spasmin 1 gene in 
Zoothamnium arbuscula strain Kawagoe (protozoa, ciliophora) and its relation to other 
spasmins and centrins.  Res. Microbiol.  154(5): 361-7. 
Katoh, K., M. Kikuyama.  (1997)  An all-or-nothing rise in cytosolic Ca2+ in Vorticella sp.  J. 
Exp. Biology  200: 35-40  
Kono R, Ochiai T, Asai H.  (1997)  Chemical modification of amino acid residues in 
glycerinated Vorticella stalk and Ca2+-induced contractility.  Cell Motil. Cytoskeleton.  
36(4): 305-12. 
Lee VD, Stapleton M, Huang B.  (1991)  Genomic structure of Chlamydomonas caltractin. 
 14
Evidence for intron insertion suggests a probable genealogy for the EF-hand superfamily of 
proteins.  J. Mol. Biol.  221(1): 175-91 
Levine, L.  (1956)  Contractility of glycerinated Vorticellae.  Biol. Bull., 111: 319 
Levy YY, Lai EY, Remillard SP, Heintzelman MB, Fulton C.  (1996)  Centrin is a conserved 
protein that forms diverse associations with centrioles and MTOCs in Naegleria and other 
organisms.  Cell Motil. Cytoskeleton.  33(4): 298-323 
Liu DF, Wang D, Stracher A.  (1990)  The accessibility of the thiol groups on G- and F-actin 
of rabbit muscle.  Biochem. J.  266(2): 453-9 
Maciejewski, J.J., E.J. Vacchiano, S.M. McCutcheon, H.E. Buhse Jr.  (1999) Cloning and 
expression of a cDNA encoding a Vorticella convallaria spasmin: an EF-hand 
calcium-binding protein.  J. Euk. Microbiol.  46: 165-173  
Mahadevan, L. and P. Matsudaira.  (2000)  Motility powered by supramolecular springs and 
ratchets.  Science   88: 95-99  
Marko, J. F. and E. D. Siggia.  (1995)  Stretching DNA.  Macromolecules  28: 8759-8770  
Moncrief ND, Kretsinger RH, Goodman M.  (1990)  Evolution of EF-hand calcium-modulated 
proteins. I. Relationships based on amino acid sequences.  J. Mol. Evol.  30(6): 522-62 
Moriyama, Y., S. Hiyama, and H. Asai.  (1998)  High-speed video cinematographic 
demonstration of stalk and zooid contraction of Vorticella convallaria.  Biophys. J.  74: 
487-491  
Moriyama, Y., H. Okamoto, and H. Asai.  (1999)  Rubber-like elasticity and volume changes 
in the isolated spasmoneme of giant Zoothamnium sp. under Ca2+-induced contraction.  
Biophys. J.  76: 993-1000  
Nakata H, Regan JW, Lefkowitz RJ.  (1986)  Chemical modification of alpha 2-adrenoceptors. 
Possible role for tyrosine in the ligand binding site.  Biochem. Pharmacol.  35(22): 
4089-94. 
 15
Routledge LM.  (1978)  Calcium-binding proteins in the vorticellid spasmoneme.  J. Cell 
Biol.  77(2): 358-70. 
Salisbury JL.  (1998)  Roots.  J Euk. Microbiol.  45(1): 28-32. 
Salisbury J.L, and Floyd G. L.  (1978)  Calcium-induced contraction of the rhizoplast of a 
quadriflagellate green alga.  Science  2002: 975-977 
Salisbury J.L, Baron AT, Sanders MA.  (1988)  The centrin-based cytoskeleton of 
Chlamydomonas reinhardtii: distribution in interphase and mitotic cells.  J. Cell Biol. 
107(2): 635-41 
Salisbury JL, Baron A, Surek B, Melkonian M.  (1984)  Striated flagella roots: isolation and 
partial characterization of a calcium-modulated contractile organelle.  J. Cell Biol.  
99(3): 962-70. 
Sutoh K.  (1982)  An actin-binding site on the 20K fragment of myosin subfragment 1.  
Biochemistry  21(19): 4800-4804. 
Vigues B, Groliere CA.  (1985)  Evidence for a Ca2+-binding protein associated to non-actin 
microfilamentous systems in two ciliated protozoans.  Exp. Cell Res.  159(2): 366-76 
Yamada-Horiuchi, K. and Asai, H.  (1985)  Circular dichroism studies of the Ca2+-binding 
proteins form the spasmoneme of Carchesium .  Comp. Biochem. Physiol.,  81B: 
927-931 
Yokoyama, Y., Asai, H.,  (1987)  Contractility of the spasmoneme in glycerinated Vorticella 
stalks induced by various divalent metal and lanthanide ions.  Cell Motil. Cytoskel.  7: 
39-45. 
 
 
 
 16
Chapter 2  Chemical Modification of Glycerinated Stalks 
Shows Tyrosine Residues Essential for Spasmoneme Con- 
traction of Vorticella sp. 
2.1  Abstract 
  Chemical modification of glycerinated stalks of Vorticella with TNM is applied to investigate 
the role of tyrosine residues in the Ca2+-induced contractile mechanism of spasmoneme.  
Tetranitromethane (TNM) is often used as a specific reagent for the nitration of tyrosine residues 
in a protein at neutral and slightly alkaline pH, although it is also known that TNM can oxidize 
cysteine residues at acidic and neutral pH range.  It is found that previous incubation of Ca2+ in 
a solution of stalk for TMN treatment experiment can protect the spasmoneme from irreversible 
denaturation.  On the other hand, we find that TNM treatment for stalks in the absence of free 
Ca2+ causes an irreversible denaturation of spasmoneme.  It was revealed by us that the isolated 
Ca2+-binding protein called spasmin could not bind with Ca2+ after TNM modification, even if 
the TNM modification is performed in the present of Ca2+ in advance.  In additional experiment, 
we have confirmed that the chemical modification of cysteine residues in spasmoneme with 
N-7-dimethyl-amino-4methyl-coumarinyl-maleimide (DACM) has no effect on the contractility 
degree.  These results suggest that tyrosine residues in spasmin are essential for spasmoneme 
contraction. 
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2.2  Introduction 
Species of protozoa belonging to the Vorticellidae ciliates, such as Vorticella, Carchesium 
and Zoothamnium, possess the unique contractile system that is independent of ATP or other 
organic fuels directly (Hoffmann-Berling, 1958; Amos et al., 1975; Asai et al., 1978).  The 
bundle of 3 nm diameter contractile filaments in the stalk is named spasmoneme.  The major 
component of spasmoneme is called spasmin that belongs to the EF-hand calcium binding 
protein.  Contraction/extension cycle of spasmoneme can be repeated many times in vitro by the 
addition/removal of Ca2+ (Amos et al., 1975; Asai et al., 1998;).  Our knowledge is rather 
limited about the proteins system performing the spasmoneme contraction, although it is clear 
that spasmoneme contraction is due to molecular folding rather than filaments sliding (Amos, 
1975). 
Spasmoneme contraction is caused by Ca2+ binding.  Spasmin is the main protein in 
spasmoneme and belongs to the Ca2+-binding protein.  Amos et al. proposed it was possible that 
spasmoneme contraction was entirely due to the spasmin molecule.  In the past years, most of 
studies focus on spasmin.  However, many phenomena cannot be explained by Amos’ proposal.  
So it is necessary to identify the essential amino acid residues in spasmoneme and determine the 
molecular mechanism of spasmoneme contraction. 
Chemical modification of amino acid residues with special reagent is a good method to 
identify active site in protein.  There are only a few reports on essential amino acids for 
spasmoneme contraction (Kono et al., 1997; Fang et al. 2003).  Tetraitromethane (TNM) is 
often used to investigate the role of tyrosine residues in protein (Nakata et al., 1986; Koffman et 
al., 1991; Beckingham et al., 2001).  Fig. 2-1 shows the reaction scheme between tyrosine 
residue and TNM.  Reaction rate between TNM and tyrosine residues in protein increases as the 
pH is raised from 7.0 to 10.0.  Nitration does not occur below pH7.0 (Femfert et al., 1972; 
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Koffman et al., 1991).  In addition, TNM will decompose as the pH is raised (Sokolovsky et al., 
1966).  So the suitable pH is 8.0-9.0.  The present study provides insight into the importance 
of tyrosine residue in the spasmoneme.  This work is also the first one that reports the tyrosine 
residues essential for spasmoneme contraction. 
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2.3  Materials and Methods 
2.3.1  Chemicals 
    TNM and DACM were purchased from Sigma Chemical Co., St. Louis. TNM chemical 
modification solutions contained 4 mM EGTA-2Na, 0.1 M KCl, 20 mM buffer（Buffers included 
sodium phosphate at pH6.0-7.5, Sodium borate at pH8.0-9.0 and glycine at pH9.5-10.0）and 
TNM (0-200μM).  The pH was adjusted according to different experiments.  DACM solution 
was freshly prepared in acetone and stored on ice in the dark (Ohyashiki et al., 1994).  DACM 
solution contained 4 mM EGTA-2Na, 0.1 M KCl, 20 mM imidazole and DACM (0μM to 500μ
M).  The pH was controlled at pH7.0. 
2.3.2  Cell Culture and Glycerol Treatment 
    Vorticella sp. was found and collected in Tianjin Jizhuanzi Sewage Facility, China.  Fig. 
2-2 showed the contraction and extension cycle of glycerinated stalk by Ca2+ adding and 
removal. 
The collected colonies were cultured in large surface area and low-form flask containing 
0.25% vita-shrimp/cereal leaves infusion at 20°C (Ochiai et al., 1979; Vacchiano et al., 1991).  
Some cover glasses were put on the culture liquid surface.  A few days later, suitable number of 
zooids would attach to the cover glasses. Each cover glass with cultured Vorticella cells was 
treated in the solution consisting of 0.1% saponins, 4 mM EGTA-2Na, 0.1 M KCl, and 20 mM 
imidazole, at pH6.8 and 0°C, for 45 min.  Then, the cells were transferred to a new solution 
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containing 35% glycerol, 4 mM EGTA-2Na, 0.1 M KCl, and 20 mM imidazole, at pH 6.8 and 
0°C, for 60 min. 
2.3.3  Experimental Procedure of TNM Chemical Modification 
  Before chemical modification experiment, the cover glasses with glycerinated stalks were 
washed with washing solution (Washing Solution: 4 mM EGTA-2Na, 0.1 M KCl, and 20 mM 
imidazole, pH 6.8) for 20 min in order to remove the glycerol on the surface of stalks.  The 
stalks were incubated with stalk contraction solution (Stalk Contraction Solution: 2 mM Ca2+, 0.1 
M KCl, and 20 mM imidazole, pH6.8) for 10 min.  Then, the stalks were transferred to washing 
solution for 20 min in order to remove Ca2+ after photomicrographed.  In the case of 
modification with TNM, the glycerinated stalks on cover glasses were incubated into petri dishes 
containing TNM chemical modification solutions in various conditions.  After chemical 
modification, the stalks still attached on the cover glasses were washed with washing solution for 
20 min and then transferred to stalk contraction solution. 
2.3.4  Experimental Procedure of DACM Effect on Vorticella Stalk 
  The experimental procedure is the same as that of TNM chemical modification.  The cover 
glasses with stalks were incubated in the solutions of 100~500μM DACM at 0℃ and pH 7.0 
for 60 min.  In the other experiments, the cover glasses with stalks were incubated in the 
solution of 500μM DACM at 0℃, pH 7.0 for different time.  
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2.3.5  Contractility Degree 
  The stalks treated as described above were photomicrographed before and after chemical 
modification.  Contractility degree of stalk was investigated by counting the coiling numbers of 
100 individual stalks. The contractility degree of stalks was the ratio of the average coiling 
number between after modification and before modification.  Fig. 2-3 showed the rules of 
counting the coiling number. 
Contractility Degree = 
Average coiling number after modification
 Average coiling number before modification  ×100% 
2.3.6  Effect of Pre-incubation with Ca2+ on Spasmoneme 
Contractility   
  To investigate if Ca2+ preincubation can protect the spasmoneme from denaturation, 
glycerinated stalks were pre-incubated with stalk contraction solution for 10 min.  In control 
experiments, glycerinated stalks were not treated with stalk contraction solution before TNM 
modification.  The stalks were modified with 20, 50 and 80 μM TNM solution at pH 8.0 and 
0°C for 60 min, respectively.  TNM was removed by washing extensively after modification.  
Then, the stalks were incubated with stalk contraction solution for 10 min and the coiling 
numbers were counted.  Average coiling numbers of 100 stalks with and without pre-incubated 
with Ca2+ were calculated and regarded as spasmoneme contractility, respectively. 
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2.3.7  Effect of TNM on Ca2+ Affinity of Spasmin   
  The method of spasmin purification was based on previous research (Fang et al., 2003).  The 
spasmin fraction Ca2+-free was modified with 100μM TNM at 0°C for 60 min.  Then, the 
modified spasmin was divided into two equal volumes after dialyzing against buffer (1 mM 
EGTA, 50 mM Tris-HCl, pH 7.5) and concentrating.  One was added to 2 mM Ca2+, the other 
was added to 2 mM EGTA.  The spasmin fraction pre-incubated with Ca2+ was treated as the 
procedures described above.  The native spasmins without TNM modification, as the controls, 
were incubated with 2 mM Ca2+ and 2 mM EGTA-2Na, respectively.  Those samples were 
resolved by 12.5% native polyacrylamide gel electrophoresis (Native-PAGE) (Ueno et al., 1999).  
In this experiment, TNM solution was absence of EGTA-2Na. 
All experiments of chemical modifications were performed at 0°C, because denaturation of 
the Vorticella spasmoneme was sometimes observed at room temperature.  The glycerol 
treatment of Vorticella attached on the cover glasses was performed in the absence of Ca2+. 
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2.4  Results  
2.4 1  Effect of TNM Concentration on Stalk Contraction 
  The effect of TNM concentration on spasmoneme modification was investigated.  The 
contractility degree of Vorticella was calculated at various TNM concentrations (Fig. 2-4).  As 
shown in Fig. 2-4, the contractility degree of the stalks decreased about 90% with the increasing 
of TNM concentration from 0 to 100μM.  The contraction of Vorticella sp. stalk was evidently 
inhibited when TNM concentration was at 80–100μM. 
2.4.2  Effect of TNM on Stalk Contraction at Various pH 
  Effect of TNM on stalk contraction was performed at various pH.  In consideration of TNM 
decomposition with the rising of pH, we prepared for 200μM TNM, although 100μM TNM 
could obviously inhibit spasmoneme contraction at 0°C, pH 8.0.  Contractility degree of 
spasmoneme without TNM modification was unaffected by pH from pH6.0 to pH8.5, which 
suggests that the contractility loss in Fig. 2-5 was caused by TNM chemical modification.  In 
addition, contractility of spasmoneme was not inhibited by TNM below pH 7.0. 
2.4 3  Effect of DACM Modification on Vorticella Stalk 
  As expected beforehand, contractility degree of stalk was unaffected by the modification of 
 24
various concentrations of DACM (Fig. 2-6 A).  The experiments of different treatment time 
were performed.  The results showed that the treatment time of DACM has no effect on the 
stalk contractility degree, either (Fig. 2-6 B).  So, it was easy to draw a conclusion that cysteine 
residues modification would not inhibit spasmoneme contraction in Vorticella sp.  
2.4 4  Effect of Ca2+ Protection 
  Spasmoneme contraction was Ca2+-dependent.  So it was necessary to determine the Ca2+ 
effect on spasmoneme contraction.  In Fig. 2-7, Ca2+ pre-incubation could protect the 
spasmoneme contractility against the loss caused by TNM modification. 
2.4.5  Effect of TNM on the Ca2+ Binding Ability of Spasmin 
  Spasmin was the major composition of spasmoneme and belonged to the Ca2+-binding protein.  
In addition, Amos et al. proposed that spasmin played a dominant role in spasmoneme 
contraction (Amos, 1975).  Spasmin and centrin has been shown to exhibit a calcium dependent 
shift in electrophorotic mobility (Maciejewski et al, 1999).  In order to evaluate potential site of 
the essential tyrosine residues in spasmoneme, the effect of Ca2+ on spasmin was investigated.  
In Fig. 2-8A, the purified spasmin was not incubated with calcium before TNM modification.  
TNM-modified spasmin with Ca2+ (Fig. 2-8A Lane 3) migrated at the same rate as the one 
without Ca2+ (Fig. 2-8A Lane 4).  The results of the native PAGE of TNM modified spasmin 
with and without Ca2+ implied that the Ca2+ affinity of spasmin was inhibited by TNM 
modification (Fig. 2-8A), which suggested that the loss of spasmoneme contraction was induced 
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by TNM modification on spasmin.  Such results offered the evidence that tyrosine residues 
were essential for spasmoneme contraction and located at spasmin.  In Fig. 2-8B, the Ca2+ 
pre-incubation could not preserve in the Ca2+-binding ability of spasmin, which seemed to 
contradict with the result of Ca2+ pre-incubation in spasmoneme.  The results suggest that there 
was another protein essential for spasmoneme contraction. 
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2.5  Discussions 
TNM has been shown to be a convenient reagent for the nitration of tyrosyl residues in 
proteins at pH 8.0 (Sokolovsky et al., 1966; Riordan et al., 1966), although specificity studies 
have shown that cysteine residues are also potentially reactive towards TNM (Riordan and 
Christen, 1968).  In the present study, it revealed that spasmoneme contraction depended on 
TNM concentration.  The contractility degree decreased nearly 90% with the raising of TNM 
from 0 to 100μM at 0°C, pH8.0. 
It was generally known that TNM could oxidize thiol groups at pH range between 6.0 and 
9.0 (Sokolovsky et al., 1966).  So it was necessary to explore the effect of TNM on 
spasmoneme contraction at various pH and the function of cysteine residues in order to confirm 
the role of tyrosine residues in spasmoneme contraction.  The spasmoneme contractility was 
unaffected at pH6.0-8.5 and 0°C (Fig. 2-5), which indicated that the loss of spasmoneme 
contractility degree was caused by TNM chemical modification, not by pH.  DACM was a 
highly specific fluorescent thiol reagent, which was often employed to determine role of the 
cysteine residues in a protein function (Tezuka et al., 1978; Ida and Tokushige, 1985; Werneburg 
and Ash, 1993).  DACM treatments had proved chemical modification of cysteine residues did 
not affect the Vorticella contraction (Fig. 2-6). 
In addition, it was well known that the inactivation rate of protein should markedly increase 
with the rising of pH according to the prior to researches.  But we observed that the 
spasmoneme contractility degree lost slightly from pH8.0-10.0.  We deduced the reason of this 
phenomenon was the coefficient result of other amino acid residues modified by TNM and TNM 
decomposition itself.  Below pH 8.0, TNM did not react with tryphophan, histidine and 
methionine.  The reaction between TNM and the three amino acids can be detected at pH9.2 
(Sokolovsky et al., 1969), while tryphophan, histidine and methionine chemical modification 
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will affect the Vorticella contraction (Kono et al., 1997; Fang et al., 2003).  TNM will 
decompose with the rising of pH (Sokolovsky et al., 1966). 
In Ca2+ protection experiment, spasmoneme contractility was not affected by TNM 
treatment when spasmoneme was pre-incubated with Ca2+ (Fig. 2-7).  Spasmin was the main 
component of spasmoneme and spasmoneme contraction was caused by Ca2+ binding.  In 
addition, Amos et al. proposed it was possible that spasmoneme contraction was due entirely to 
the spasmin molecule.  So it is easy for us to consider that the loss of spasmoneme contractility 
was due to spasmin could not bind with Ca2+ after TNM modification.  Maciejewski et al. has 
proved that native spasmin binding with Ca2+ migrated at a slower rate than the one free from 
Ca2+ on native PAGE (Maciejewski et al., 1999).  We investigated the Ca2+ affinity of spasmin 
by native PAGE.  The results (Fig. 2-8) showed that tyrosine residues contributed to Ca2+ 
affinity of spasmin (Fig. 2-8A) and pre-incubation of Ca2+ in spasmin could not protect spasmin 
calcium binding ability against the loss caused by TNM modification (Fig. 2-8 B).  The results 
seemed to contradict with the result that pre-incubated with Ca2+ could protect spasmoneme 
contractility against the loss caused by TNM modification (Fig. 2-7).  The contradictory could 
be caused by two possibilities.  One possibility is that the spasmin in the present of Ca2+ can be 
modified by TNM because spasmin structure is changed when spasmin is isolated from 
spasmoneme.  But the isolated spasmin without TNM modification can still bind with Ca2+ (Fig. 
2-8 B, lane 1 and 2), which implied that the spasmin structure was not changed.  So, the 
possibility is not reasonable.  On the other hand, Yamada et al showed that there was another 
protein, namely the putative receptor protein, which played a complementary role for 
spasmoneme contraction (Yamada et al, 1982).  In addition, the results of tryptophan 
modification (Kono et al, 1997) and histidine modification (Fang et al, 2003) confirmed that the 
receptor protein was essential for spasmoneme contraction.  So, the other possibility is that the 
receptor protein plays a complementary role for making tyrosine residues avoid TNM 
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modification in spasmoneme.  If the hypothesis can be confirmed, our observations on tyrosine 
residues modification might be a good starting point for the mechanism investigation of 
spasmoneme contraction.  If the assumption could be confirmed, it would lead us to explore the 
other proteins’ function in spasmoneme besides spasmin. 
  In the past years, most researches focused on the spasmin because spasmoneme 
contraction was Ca2+ dependent and spasmin was the major component in spasmoneme.  So our 
observations on tyrosine residues modification might be a good starting point for the mechanism 
investigation of spasmoneme contraction. 
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2.6  Figures and Legends 
 
 
 
 
 
 
Fig. 2-1  Scheme of tyrosine residue that reacts with TNM. 
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A                                       B 
Fig. 2-2  Contraction and extension cycle of stalk of Vorticella sp.  A: Vorticella sp. of 
glycerinated stalk was incubated with Ca2+-free solution (2 mM EGTA, 0.1 M KCl, and 20 mM 
imidazole, pH 6.8);  B: Vorticella sp. of glycerinated stalk was incubated with Stalk Contraction 
Solution (2mM Ca2+, 0.1 M KCl, and 20 mM imidazole, pH 6.8).  Bar = 100μm 
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Fig. 2-3  Rules of counting the coiling number.  The angle the helix is under the 90°, the 
coiling is regarded as one coiling;  The angle of one stalk helix is over 90°, the helix is not 
regarded as one coiling.  The helix is regarded as 0.5 coiling if the angle is 90°. 
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Fig. 2-4.  Effect of TNM concentration on spasmoneme contractibility degree.  Incubation 
with (0-100μM) TNM was performed at 0°C with 4 mM EGTA-2Na, 0.1 M KCl, and 20mM 
Sodium borate, pH 8.0 for 60 min.  The contractility degree was investigated by counting the 
coiling numbers of 100 individual stalks.  The contractility degree of spasmoneme was the ratio 
of average coiling numbers between after modification and before modification.  Data points 
are means ± standard errors (N = 100). 
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Fig. 2-5  Effect of various pH on spasmoneme contractility in the present of 200μM TNM () 
and absence of TNM (S).  Incubation was performed at 0°C with 4 mM EGTA-2Na, 0.1 M 
KCl, and 20mM buffer.  Buffers included sodium phosphate at pH 6.0-7.5, Sodium borate at pH 
8.0-9.0 and glycine at pH 9.5-10.0.  Contractility degrees of Vorticella were calculated at 
various pH and 0°C after 60 min, respectively.  Data points are means ± standard errors (N = 
100). 
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Fig. 2-6 A  Effect of DACM concentration on spasmoneme contractility.  Incubation for 60 
min with (100--500μM) DACM was performed at 0℃ with 4 mM EGTA-2Na, 0.1 M KCl, and 
20 mM imidazole, pH 7.0.  The reaction of stalk with DACM was finished in the dark chamber.  
The contractility degree was investigated by counting the coiling numbers of 100 individual 
stalks.  The contractility degree of spasmoneme was the ratio of average coiling numbers 
between after modification and before modification.  Data points are means ± standard errors 
(N = 100). 
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Fig. 2-6 B  Effect of DACM modification time on spasmoneme contractility.  Incubation with 
500μM DACM was performed at 0℃ with 4 mM EGTA-2Na, 0.1 M KCl, and 20 mM 
imidazole, pH 7.0.  The reaction of stalk with DACM was finished in the dark chamber.  The 
contractility degree was investigated by counting the coiling numbers of 100 individual stalks.  
The contractility degree of spasmoneme was the ratio of average coiling numbers between after 
modification and before modification.  Data points are means ± standard errors (N = 100). 
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Fig. 2-7  Effect of Ca2+ protection on the spasmoneme contractility.  Stalks were pre-incubated 
with 2 mM Ca2+ ( ■ ). Stalks were not pre-incubated with 2 mM Ca2+( □ ).  Chemical 
modifications of spasmoneme with 20, 50 and 80μM TNM were performed at 0°C with 0.1 M 
KCl, and 20mM Tris-HCl, pH 8.0.  Then, the average coiling number of 100 stalks was counted.  
Data points are means ± standard errors (N = 100). 
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Fig. 2-8  Native PAGE (12.5%) of the native spasmin with and without calcium.  A: Lane 1: 
Native spasmin and 2 mM Ca2+; Lane 2: Native spasmin and 2 mM EGTA;  Lane 3: Native 
spasmin modified with 100μM TNM and 2 mM Ca2+(Ca2+ was added after TNM modification);  
Lane 4: Native spasmin modified with 100μM TNM and 2 mM EGTA (EGTA was added after 
TNM modification).  B: Lane 1: Native spasmin and 2 mM Ca2+; Lane 2: Native spasmin and 2 
mM EGTA;  Lane 3: Native spasmin modified with 100μM TNM and 2 mM Ca2+(Ca2+ was 
added before TNM modification);  Lane 4: Native spasmin modified with 100μM TNM and 2 
mM EGTA (EGTA was added before TNM modification). 
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Chapter 3  Effect of Cysteine Residues on Spasmoneme 
Contraction in Vorticella sp. and Carchesium sp. 
3.1  Abstract 
Cysteine plays an important role in fulfilling various functions in protein.  
N-7-Dimethyl-amino-4-methyl-3-coumarinyl-maleimide (DACM) is a highly specific 
fluorescent thiol reagent, which has long been used for chemical modification of peptides and 
proteins.  In the present study, the effects of cysteine residues on stalk contraction were 
investigated in Vorticella sp. and Carchesium sp. by using N-7-Dimethyl-amino-4-methyl- 
3-coumarinyl-maleimide (DACM).  The results of DACM concentration, DACM treatment 
time and calcium preincubation suggested that cysteine residues were not essential for stalk 
contraction in Vorticella sp.  But the inhibited effects of DACM concentration-dependent and 
time-dependent on stalk contraction were observed in Carchesium sp.  The DACM-labeling 
essential protein in Carchesium sp. was detected on the SDS-PAGE under the UV lamp.  The 
molecular weight of DACM-labeling protein was about 200 kDa in Carchesium sp.  In 
Vorticella sp., only low molecular weight proteins were labeled by DACM. 
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3.2  Introduction  
Stalk of peritrich ciliates can produce contraction and extension by binding and releasing 
calcium (Amos, 1971; Amos, 1972; Asai et al, 1978; Asai et al, 1998; Hoffmann-Berling, 1958).  
Both Vorticella sp. and Carchesium sp. have the contractile organelle and can repeat 
contraction/extension cycle.  However, there are many differences between Vorticella sp. and 
Carchesium sp.  In Vorticella sp., each zooid has a contractile stalk.  The individual organisms 
are nevertheless gregarious, usually found in the company of others.  Carchesium are colonial 
creatures that share stalks.  Within the shared stalk, however, each Carchesium has its own 
elastic filament that enables it to contract at the bottom of zooid without causing the other 
members of the colony to contract with it.  The spasmoneme diameter of Vorticella sp. is 1.2 
μM, while in Carchesium sp. can be up to 10 μM (Amos, 1972).  In addition, only one kind 
of spasmin is found in Vorticella sp., while there are at least three kinds of spasmin in 
Carchesium sp. (Yamada et al, 1985).  Furthermore, Vorticella sp. is easy to mass and long-term 
cultured, while Carchesium sp. is difficult to long-term cultured.  The spasmoneme in the stalk 
is also easy to denature and the stalk cannot fully contraction (Fig. 3-1 A, B).  Recent, Asai 
group succeeded in long-term culture with Chlamydomonas and bacteria at 20℃ , which 
contributed to do researches on the spasmoneme contraction mechanism. 
Cysteine is an important amino acid that fulfills a wide range of different function in protein, 
such as stability, metal-binding, hydrophobicity (Giles et al, 2003; Nagano et al,1999).  In the 
present study, we investigated the effects of cysteine residues on stalk contraction of Vorticella sp. 
and Carchesium sp.  N-7-Dimethyl-amino-4-methyl-3-coumarinyl-maleimide (DACM) is a 
highly specific fluorescent thiol reagent, which has long been used for chemical modification of 
peptides and proteins (Akhand et al, 2002; Ohyashilci et al, 1994; Sutoh, 1982; Lewis et al, 
1989; Bartegi et al, 1990, Liu et al, 1990; Lewis et al,1993; Werneburg, 1993; Wen et al, 1999).  
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In order to identify the essential cysteine residues, the glycerinated stalks of Vorticella sp. and 
Carchesium sp. are modified with DACM.  The reaction scheme between cysteine residue and 
DACM is shown in Fig. 3-2 (Hashimoto et al, 2000; Kennedy et al, 1994). 
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3.3  Materials and Methods 
3.3.1  Chemicals and Instruments 
DACM and Dithiothreitol (DTT) were purchased from Sigma Chemical Co., St. Louis.  
DACM solution was freshly prepared in acetone and stored on ice in the dark (Ohyashiki et al., 
1994).  DACM solution contained 4 mM EGTA-2Na, 0.1 M KCl, 20 mM potassium phosphate 
and DACM (0μM to 500μM).  The pH was controlled at pH7.0.  Fluorescent microscopy is 
the products of Carl Zeiss Axiovert (German). 
3.3.2  Cell Culture and Glycerinated Treatment. 
    Vorticella sp. was found and collected in Tianjin Jizhuanzi Sewage Facility, China.  Cell 
culture and glycerol treatment were prepared as described in Materials and Methods 2.3.2 of 
Chapter 2. 
    Carchesium sp. was found and collected in a small river in Kawagoe, Japan.  The collected 
colonies were cultured in Petri dish with Chlamydomonas and bacteria at 20℃ (Nakajima et al, 
2003).  The spasmoneme in the stalk is easy to denature and cannot completely contract (Fig. 
3-1 A, B), although Carchesium sp. can be cultured for long-term.  So, in the experiments of 
DACM modification, the Carchesium sp. is only cultured 1.5-2 days and spasmoneme is native 
(Fig. 3-1 C). 
    The glycerol treatment of Carchesium sp. is similar with that of Vorticella sp. 
 45
3.3.3  Experiment Procedure of Chemical Modification with 
DACM. 
    Experimental procedure is same as that of DACM chemical modification in Materials and 
Methods 2.3.4 of Chapter 2. 
3.3.4  Contractility Degree. 
    The stalks treated as described above were photomicrographed before and after chemical 
modification.  Contractility degree of stalk was investigated by counting the coiling numbers of 
100 individual stalks. The contractility degree and rule of counting the coiling numbers is same 
as that described in Materials and Methods 2.3.5 Chapter 2. 
3.3.5  Effect of Pre-incubation with Ca2+ on Spasmoneme 
Contractility 
    To investigate the effect of Ca2+ protection on spasmoneme contractility, glycerinated stalks 
were pre-incubated with stalk contraction solution for 10 min.  Then, the stalks were modified 
with 100, 300 and 500μM DACM solution at pH 7.0 and 0°C for 30 min, respectively.  In the 
experiments, DACM solutions were absence of EGTA-2Na.  The control was not treated with 
stalk contraction solution before chemical modification.  After DACM modification, the control 
was incubated with stalk contraction solution for 10 min and counted the coiling number.  
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Average coiling numbers of 100 stalks pre-incubated and not pre-incubated with Ca2+ were 
calculated respectively. 
3.3.6  Extraction of Spasmoneme Protein 
    Vorticella sp. and Carchesium sp. were mass cultured.  The zooids were removed from 
stalks by vigorously pipetting in the 60% glycerol solution.  Then, the stalks were scraped from 
cover glass and centrifuged for spasmoneme protein extraction.  The detail of spasmoneme 
protein extraction method was the same as reference (Fang et al, 2003). 
    The powder of spasmoneme extracted protein was incubated with 500 μM DACM at pH 
7.0 and 0℃ for 30 min.  The reaction between the spasmoneme extracted protein and DACM 
was terminated by adding 0.1 M DTT.  The solution was dialysed against distilled water (3 
liters) and changed the distilled water every 3 hours, and then freeze-dried.  The dried samples 
were electrophoresed on 12.5% SDS-PAGE.  After electrophoresis, fluorescent protein band 
could be detected under illumination with the UV lamp. 
All experiments of chemical modifications were performed at 0°C, because denaturation of 
the spasmoneme was sometimes observed at room temperature.  The glycerol treatment of 
attached on the cover glasses was performed in the absence of Ca2+. 
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3.4  Results  
3.4.1  Effect of DACM Concentration on Stalk Contractility 
    In order to determine the function of cysteine residues, the effects of DACM concentration 
was investigated in Vorticella sp. and Carchesium sp.  From Fig. 3-3, we can find that DACM 
has no effect on the stalk contractility degree of Vorticella sp., while DACM 
concentration-dependent inhibition of contractility degree was observed in Carchesium sp.  
Furthermore, the stalks of Carchesium sp. could not contract when stalk was incubated with 500 
μM DACM, while stalks of Vorticella sp. are independent on DACM modification, although 
stalks could be labeled by DACM (Fig. 3-4). 
3.4.2  Effect of DACM Treatment Time. 
    Incubation of Carchesium sp. stalks in 300 μM DACM at pH 7.0 resulted in a 
time-dependent loss of contractility degree (Fig. 3-5).  In contract, contractility degree of 
Vorticella sp. was not affected by DACM treatment time. 
3.4.3  Effect of Calcium Preincubation 
    Both Vorticella sp. and Carchesium sp. can repeat contraction/extension by binding and 
releasing calcium.  So it is necessary to perform the experiments of calcium preincubation in 
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order to confirm the function of cysteine residues.  The results shown in table 3-1 suggested 
that calcium preincubation could protect spasmoneme contractility against the loss caused by 
DACM modification in Carchesium sp. 
3.4.4  Identification of DACM-labeling Protein 
    Previously researches showed that DACM-labeling protein could be detected on the gel 
with the UV lamp (Liu et al, 1990; Sutoh, 1982).  The spasmoneme extracted protein was 
incubated with 500 μM DACM at pH 7.0 and 0℃ for 30 min.  One fluorescence protein band 
was detected by illuminating the gel with a UV lamp.  The molecular weight was about 200 
kDa in Carchesium sp. (Fig. 3-6).  In Vorticella sp., there was no fluorescence protein band at 
the 200 kDa site on the gel (Fig.3-7). 
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3.5  Discussions  
    In biology, cysteine fulfills a wide range of different functions in protein including disulfide 
formation, metal ion binding and electron donation.  DACM is a non-fluorescent maleimide 
derivative, but it becomes strongly fluorescent when it reacted with sulfhydryl groups 
(Werneburg et al, 1993; Lewis et al, 1993). 
  In the present studies, the results of DACM concentration, DACM treatment time and 
calcium preincubation offered the direct evidences that cysteine residues were essential for stalk 
contraction in Carchesium sp., not for Vorticella sp.  It is well known that cysteine residue was 
not involved in spasmin (Asai et al, 1998).  So, these results indicated that there was also 
another protein, besides spasmin, related to spasmoneme contraction.  In order to identify the 
protein modified by DACM, the spasmoneme extracted proteins were modified by DACM, then 
resolved by SDS-PAGE.  DACM-labeled protein band on SDS gel could be detected under the 
UV lamp.  We found the essential cysteine residues were located at the protein whose molecular 
weight was about 200 kDa.  But, there is no fluorescent protein band near 200 kDa position in 
the spasmoneme extracted protein of Vorticella sp.  The essential protein in Carchesium sp 
seems to be different from the essential one in Vorticella sp. identified by DEPC modification, 
molecular weight about 50 kDa. 
  Vorticella sp. and Carchesium sp. belong to the Vorticellae ciliate and have the contractile 
organelle.  They can repeat contraction/extension cycle by Ca2+ addition/removal, independent 
on ATP.  Therefore, the relationship between the 200 kDa protein and the 50 kDa protein will be 
speculated. 
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3.6  Figures and Tables 
     
B A 
 
C 
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Fig. 3-1 Native Carchesium sp. and partially denature in partial Carchesium sp.  Carchesium sp. 
was cultured for 5 days.  The native spasmoneme was pointed out by blue arrow and the 
denature spasmoneme was pointed out by red arrow.  A: the extension state.  B: the 
contraction state (only contraction in partial).  C: Carchesium sp. was cultured for 1.5 days and 
had a good spasmoneme. 
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Fig. 3-2  Scheme of chemical modification of cysteine and DACM 
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Fig. 3-3  Effect of DACM concentration on spasmoneme contraction in Vorticella sp. (▲) and 
Carchesium sp. (■).  Spasmoneme was incubated with different DACM concentrations at pH 
7.0 and 0℃ for 30min.  The contractility degree was investigated by counting the coiling 
numbers of 100 individual stalks.  The contractility degree of spasmoneme was the ratio of 
average coiling numbers between after modification and before modification.  Data points are 
means ± standard errors (N = 100). 
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Fig. 3-4  DACM-labeling Vorticella sp. (A) and Carchesium sp.(B) under fluorescent 
microscopy.  DACM concentration was 500 μM. 
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Fig. 3-5  Effect of DACM Treatment Time on Spasmoneme Contractility in Vorticella sp. (▲) 
and Carchesium sp. (■).  Spasmoneme was incubated with 300 μM DACM at various 
treatment time pH7.0 and 0℃.  The contractility degree was investigated by counting the 
coiling numbers of 100 individual stalks.  The contractility degree of spasmoneme was the ratio 
of average coiling numbers between after modification and before modification.  Data points 
are means ± standard errors (N = 100). 
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Table 3-1  Effect of Ca2+ Protection on Spasmoneme Coiling Number 
 
DACM Concentration(μM) 100 300 500 
Pre-incubated Ca2+ 
(Carchesium sp) 
19.66 ± 1.89 19.24 ± 1.55 18.96 ± 2.23 
Without pre-incubated Ca2+ 
(Carchesium sp.) 
10.88 ± 1.41 3.24 ± 0.98 2.12 ± 0.98 
Pre-incubated Ca2+ 
(Vorticella sp.) 
8.56 ± 1.13 8.23 ± 1.25 7.68 ± 0.81 
Without pre-incubated Ca2+ 
(Vorticella sp.) 
8.98 ± 0.92 8.45 ± 1.47 7.52 ± 1.24 
 
Spasmoneme with and without Ca2+ was incubated with various concentration DACM at pH7.0 
and 0℃, for 30 min.  
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200 kDa
20kDa
A          B 
Fig. 3-6  Reaction of DACM and the spasmoneme extracted protein of Carchesium sp.  A: 
DACM-labeling band on gel was detected with a UV lamp.  B: Gel was shown under the white 
lamp. 
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20kDa
A           B 
Fig. 3-7  Reaction of DACM and the spasmoneme extracted protein of Vorticella sp.  A: 
DACM-labeling band on gel was detected with a UV lamp.  B: Gel was shown under the white 
lamp. 
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Chapter 4  Chemical Modification of Contractile 3nm 
Diameter Filaments in Vorticella Spasmoneme by Diethyl- 
pyrocarbonate and its Reversible Renaturation by 
Hydroxylamine 
4.1  Abstract 
    Peritrich ciliate possesses a zooid and a long stalk consisting of a bundle of 3 nm diameter 
filaments. Glycerinated stalks can contract in the presence of free Ca2+ and re-extend in the 
absence of free Ca2+.  In the present study, we demonstrated that histidine residue(s) played a 
critical role in spasmoneme contraction by using glycerinated stalk of Vorticella.  
Concentration-dependent inhibition of spasmoneme contraction was observed in the presence of 
reversible histidine-modifying reagent named diethyl-pyrocarbonate (DEPC).  In addition, the 
contractility degree of DEPC-modified spasmoneme could be partially restored by 
hydroxylamine treatment.  The 244 nm absorption of modified spasmoneme protein(s) 
increased with rising DEPC concentration and decreased following the adding of hydroxylamine 
treatment.  Adding Ca2+ before DEPC modification could prevent the spasmoneme contraction 
from inhibition of DEPC.  These results suggested that histidine residues were actively involved 
in spasmoneme contraction.  Ca2+ binding ability of spasmin was not inhibited by DEPC 
modification, which suggested that the essential histidine residues were not on the 
calcium-binding site of spasmin. 
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4.2  Introduction 
The glycerinated stalks of peritrich ciliates, such as Vorticella, Carchesium and Zoothamnium, 
can repeat the contraction/extension cycle many times by the addition/removal of 
Ca2+( Hoffmann-Berling, 1958; Amos, 1972; Asai et al, 1978; Yokoyama et al, Y., 1987).  This 
finding fascinates scientists interested in basic problems of biology, because the contraction 
system of spasmoneme is distinct from that of actin-myosin or of microtubules-dynein/kinesin 
(Amos, 1972; Amos, 1975.).  Spasmoneme is a bundle of contractile 3 nm diameter filaments in 
the stalk, and it is bounded by three membranes and can be considered as an intracellular portion 
of Vorticella (Wibel et al, 1997).  Ultra-structural studies of spasmoneme showed that 
spasmoneme contains ER-like tubules that perform binding or releasing calcium (Carasso et al, 
1996; Favard et al, 1965).  One of the major protein components in spasmoneme is the 
calcium-binding protein called spasmin, which belonged to the super-family of EF-hand calcium 
binding proteins (Lee et al, 1991; Yamada et al, 1992; Asai et al, 1998; Buhse, 1998).  Another 
protein component of spasmoneme is a putative spasmin-receptor protein that participates in the 
elastic contraction but not filament sliding (Asai et al, 1998; Moriyama et al, 1999).  However, 
the molecular mechanism in detail for contraction of spasmoneme contraction has not been 
determined in detail yet.  For example, the amino acid residues mediating spasmoneme 
contraction are unknown, although it is already known that this contraction is due to molecular 
folding rather than filaments sliding (Amos, 1971). 
Chemical modification with special chemical reagent is a very useful method for identifying 
the critical amino acid residues involved in particular protein functions (Wen et al, 1999; Asai et 
al, 1965).  DEPC is a selective reagent for histidine residues and has long been used for 
chemical modification of peptides and proteins (Burstein et al, 1974; Cousineau et al, 1976; Ding 
et al, 2002).  In the present studies, using the glycerinated stalk of Vorticella as a model system, 
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we have demonstrated that histidine residue(s) play an important role in spasmoneme contraction 
and that there is potentially another protein besides spasmin, which could be involved in 
spasmoneme contraction. 
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4.3  Materials and Methods 
4.3.1  Chemicals and Instruments 
    Diethyl-pyrocarbonate (DEPC) and hydroxylamine were purchased from Sigma Chemical 
Co., St. Louis.  Guanidine HCl was obtained from Wako Pure Chemical Industries (Osaka, 
Japan).  Phenyl-sepharose HP and Sephacryl S-100 were products of Amersham Pharmacia 
Biotech (Uppsala, Sweden).  All the other chemicals used for the experiments were of 
analytical grade. Absorption measurements were performed with UV mini-1240 (Shimadzu, 
Japan). 
4.3.2  Vorticella Culture and Glycerinated Treatment. 
    Vorticella convallaria was found and collected in Tianjin Jizhuanzi Sewage Facility, China.   
Cell culture and glycerol treatment were prepared as described in Materials and Methods 2.3.2 of 
Chapter 2 (Levine, 1959; Moriyama et al, 1999). 
4.3.3  Experiment Procedure of Chemical Modification with DEPC. 
    Before chemical modification experiment, the cover glasses with glycerinated stalks were 
washed with washing buffer (Washing Buffer: 4 mM EGTA, 0.1 M KCl, and 20 mM sodium 
phosphate, pH6.0) in order to remove the glycerol on the surface of stalks.  The stalks were then 
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incubated with stalk contraction solution for 10 min (Stalk Contraction Solution: 2 mM Ca2+, 0.1 
M KCl, and 20 mM sodium phosphate, pH6.0).  The stalks were transferred to washing buffer 
for 20 min in order to remove Ca2+ after they were photomicrographed.  After that, the stalks 
were treated with DEPC modification solutions in various conditions (DEPC Chemical 
Modification Solutions: 4 mM EGTA, 0.1 M KCl, 20 mM sodium phosphate and 0~5mM DEPC, 
pH6.0).  The stalks were incubated with stalk contraction solution for 10 min after extensive 
washing and finally they were photomicrographed. 
4.3.4  Contractility Degree. 
    The stalks treated as described above were photomicrographed before and after 
chemical modification.  The contractility degree was investigated by counting the coiling 
numbers of 100 individual stalks.  The contractility degree and rule of counting he coiling 
numbers is the same as that described in Materials and Methods 2.3.5 of Chapter 2. 
4.3.5  Contractility Reversibility of Modified Spasmoneme with 
Hydroxylamine. 
    Vorticella stalks on the cover glasses were incubated with 4mM DEPC for 10 mins at 0℃ 
pH6.0. Spasmoneme contractility degree was measured at this point. Then, spasmoneme after 
washed with washing buffer were incubated with hydroxylamine solution (Hydroxylamine 
Solution: hydroxylamine 300 mM, 4 mM EGTA, 0.1 M KCl and 20 mM sodium phosphate, pH 
6.0) at 0℃ for 240 mins. During this period, the stalks on the cover glasses were washed and 
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transferred to stalk contraction solution.  The contractility degree was measured at different 
time points.  The control was performed without hydroxylamine. 
4.2.6  Extraction of Spasmoneme and Purification of Spasmin 
    The cell body was removed from Vorticella, which was cultured on cover, in solution A 
(Solution A: 60% glycerol, 4 mM EGTA, 50 mM Tris-HCl, pH7.5).  The stalks were scraped 
from cover glass and centrifuged.  The precipitate was suspended in 5 volumes of guanidine 
HCl solution (Guanidine HCl Solution: 6 M guanidine HCl, 1 mM EGTA, 50 mM Tris-HCl, pH 
7.5) for 1 hour.  The suspension was centrifuged at 7,000 rpm for 15 min at 4℃.  The 
precipitate was suspended again in 5 volumes guanidine HCl solution for 1 hour and was 
centrifuged at 7,000 rpm for 15 mins at 4℃.  The supernatant of the 1st and 2nd centrifugation 
were mixed and dialyzed against solution B (solution B: 1 mM EGTA, 50 mM Tris-HCl, pH7.5) 
at 4℃ for about 6 hours.  Solution B was changed every 3 hours.  The supernatant after 
dialyzed were centrifuged at 20,000 rpm for 15 mins at 4℃.  The supernatant was regarded as 
the whole extract protein of spasmoneme.  The protein was stored at 4℃ for the experiments of 
absorption spectra and spasmin purification. 
Spasmin fraction was purified as follows.  Ca2+ (2 mM) was added to the whole 
spasmoneme extraction, which was loaded on a phenyl-sepharose HP column equilibrated in 
Ca2+ buffer (2 mM Ca2+, 50mM Tris-HCl, pH7.5).  Then EGTA buffer (2 mM EGTA, 50 mM 
Tris-HCl, pH7.5) was loaded on the column.  The fraction eluted by EGTA buffer was loaded 
on a gel filtration column (sephacryl S-100) equilibrated in EGTA buffer.  The major fraction 
around 20 kDa was collected and regarded as spasmin fraction. 
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4.3.7  Ca2+ Protection of Spasmoneme against DEPC Modification. 
To study the effect of Ca2+ on spasmoneme contraction, which is inhibited by DEPC 
treatment, the spasmoneme was pre-incubated with stalk contraction solution for 10 mins.  
Then, the stalks were treated with 1.0 and 3.0 mM DEPC solution, respectively, at 0℃ for 15 
mins.  The control was done without pretreatment with stalk contraction solution.  The average 
coiling numbers of 100 stalks were counted to calculate the spasmoneme contractility degree. 
4.3.8  DEPC Effect on Ca2+ Binding Ability of Spasmin. 
    The spasmin fraction was treated with DEPC (4 mM EGTA, 0.1 M KCl, 20 mM sodium 
phosphate and 4 mM DEPC, pH6.0) at 0℃ for 10 mins.  After that, the modified spasmin was 
divided into two equal amounts after dialyzing against solution B and concentrating.  One half 
was added to 2 mM Ca2+ and the other was added to 2 mM EGTA. The two samples were 
resolved by 12.5% Native-PAGE.  The control was done without DEPC treatment.  At the 
same time, a sample was modified with DEPC after pre-incubated with Ca2+. 
4.3.9  GST-spasmin Precipitation and West-western Blotting. 
    E. coli BL21 was mass cultured under the control conditions.  Following sonication of E. 
coli BL21 cells expressing GST-spasmin, the cell lysates were subjected to affinity 
chromatography using Glutathione Sepharose 4B, which selectively bonded the GST tag on the 
fusion protein.  GST-spasmin was purified from the affinity chromatography by eluting with 
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reduced glutathione.  The details refer to the instructions of GSTTMrap columns. 
Glutathione Sepharose 4 Fast Flow 60 uL was incubated with 400 uL 0.1% GST-spasmin in 
binding buffer (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4 pH7.3) at 4℃ 
for 2 hours.  After extensive washing with binding buffer, the sepharose binding with 
GST-spasmin 30 uL was added in 1.5 mL whole extraction protein from Vorticella sp. without 
DEPC modification.  On the other hand, the other sepharose binding with GST-spasmin 30 uL 
was incubated with 1.5 mL whole extraction protein from Vorticella sp. with 4μM DEPC 
modification.  Then, 2 mM Ca2+ was added.  The sepharose was collected by centrifuging at 
4℃ 10,000 rpm for 10 seconds after 2 hours reaction.  The sepharose was washed with binding 
buffer for 4 times.  Elution buffer (50 mM Tris-HCl, 10 mM reduced glutathione pH 8.0) 200 
uL was incubated with the sepharose at 4℃ for 30 min.  The elution solution was centrifuged.  
The supernatant were resolved by SDS-PAGE after centrifugation at 4℃.10,000rpm 10 seconds.  
For west-western blotting analysis, the supernatant of GST-spasmin and whole extract protein 
were subjected to SDS-PAGE and the separated proteins were transferred to ECL membrane 
according to the manufacture instruction (Amersham Biosciences).  Then, GST-spasmin was 
incubated with the blotting membrane 4℃ for 30 min.  Anti-GST HRP conjugate (1:10000) 
was added to the blotting membrane after the ECL membrane was extensive washing by TBST 
(20 mM Tris-HCL, 150 mM NaCl, 0.05% Tween-20, pH7.5).  Immuno-reactive materials were 
visualized by means of ECL chemilluminesence method. 
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4.4  Results and Discussions 
4.4.1  DEPC Properties 
    DEPC is susceptible to nucleophilic attack at one of carbonyl carbon atoms to form 
ethoxyformyl derivatives.  Imidazole of histidine residues is easy to be modified by DEPC and 
forms N-ethoxyformylimidazole.  In addition, hydroxylamine (NH2OH) can cleave the 
ethoxyformly-histidyl bond.  The scheme is shown in Fig. 4-1.  
4.4.2  Inhibition on Spasmoneme Contraction with DEPC 
    The histidine side chains can be specifically modified by DEPC near pH 6.0, even a 
relatively low concentration of DEPC, although DEPC can react with several amino acid side 
chains, such as lysine, tyrosine in neutral or weakly alkaline media (Cousineau et al, 1976; 
Burstein et al, 1974; Gacheru et al, 1988). 
To examine whether histidine residues are essential for spasmoneme contraction, we studied 
the effect of DEPC on glycerinated stalks.  As shown in Fig. 4-2, modification of spasmoneme 
with DEPC resulted in the inhibition of spasmoneme contraction.  The contractility degree of 
stalks decreased 90% when the DEPC concentration was raised to 2.5 mM.  The contraction of 
spasmoneme was completely inhibited when stalks was incubated in 2.5 mM DEPC for 20 mins 
at 0℃, pH6.0.  As shown in Fig. 4-3, the loss of spasmoneme contractility degree was 
dependent on time and modification concentration.  DEPC (5 mM) could cause 96% loss of 
spasmoneme contractility degree in 5mins at 0℃, pH6.0.   
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It was well known that treatment of protein(s) with DEPC would result in an increase in 
240 nm absorbance if histidine residues were modified (Cousineau et al, 1976).  The 
modification of spasmoneme with DEPC showed that the absorbance increased at 244 nm 
correlating with the rising of DEPC concentration (Fig. 4-4 curve 1 and 2), which is consistent 
with the characteristic of DEPC modified histidine.  The reason that the maximum absorption 
was at 244 nm but not at 240 nm could be explained by the difference of proteins, as previous 
reports suggested (Ding et al, 2002; Steven et al, 1981). 
4.4.3  Contractility Degree Reversibility of Modified Spasmoneme 
with Hydroxylamine 
    It has been proved that the hydroxylamine can cleave the carbethoxy groups from modified 
histidine residues (William et al, 1970). This observation makes hydroxylamine a valuable tool 
to examine whether spasmoneme contraction is really caused by the alteration in histidine with 
DEPC treatment. The results of this study are shown in Table 4-1. 
Table 4-1 showed that the loss of spasmoneme contraction resulting from DEPC treatment 
could be partially recovered by hydroxylamine treatment.  In addition, when the spasmoneme 
extract proteins modified by DEPC (4 mM for 10 mins) was incubated hydroxylamine solution 
for 240 mins, the absorbance at 244 nm decreased (Fig.4-4 curve 2 and curve 3).  These results 
indicated that histidine residues in spasmoneme were modified by DEPC and that 
ethoxyformyle-histidyl bond was relatively unstable and could be broken by hydroxylamine.  
The reason that only partially reverses DEPC modification could possibly be the formation of 
irreversible disubstituted histidyl derivatives, which can be formed even at moderate DEPC 
concentrations (Steven et al, 1981).  
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4.4.4  Ca2+ Protection 
    Spasmonene contraction was caused by the addition with Ca2+.  We next investigated the 
effects of Ca2+ on spasmoneme contraction, when it is inhibited by DEPC.  This investigation 
will help to answer whether a conformational change occurs in the histidine-containing active 
site during Ca2+-induced spasmoneme contraction.  As shown in Table 4-2, these observations 
indicated that the spasmoneme contractility could be markedly protected by pre-incubation with 
2 mM Ca2+.  However, the susceptible histidine residues are located at either the Ca2+ binding 
site of spasmin or the Ca2+ non-binding site that is essential for spasmoneme contraction.  In the 
later case, it is reasonable to consider that the histidine residues in this site were sequestered 
from DEPC reaction due to a protein conformational shift caused by spasmin Ca2+ binding. 
4.4.5  Effect of DEPC on the Ca2+ Binding Ability of Spasmin 
    Spasmin is the main component of spasmoneme that could leads to spasmoneme contraction 
by binding Ca2+.  Therefore it is reasonable to hypothesize that the mechanism of DEPC- 
dependent inhibition of spasmoneme contraction is the Ca2+ binding inability of spasmin after 
DEPC treatment.  However, the native PAGE results of DEPC-modified spasmin, with and 
without Ca2+ pretreatment, showed that the Ca2+ binding ability was not altered by DEPC (Fig. 
4-5 land 4 and 5), which suggested that the essential histidine residues were not on the Ca2+ 
binding site of spasmin.  In addition, we found that the spasmin binding with Ca2+, namely 
adding Ca2+ to spasmin before DEPC modification (Lane 3), migrated at the same speed as the 
sample of adding Ca2+ after DEPC modification (Lane 4), which showed that the histidine 
residues in spasmin could still react with DEPC.  These results implied that the effects of DEPC 
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on spasmoneme contraction might not be its modification of spasmin, but instead of a different 
protein, as exemplified by the spasmin-receptor protein. 
4.4.6  Identification of the Protein Interacted with Spasmin 
  Spasmoneme can contraction/extension cycle by Ca2+ addition/removal.  But we found that 
the function of spasmin was not effect by DEPC modification (Fig. 4-5).  So we deduced that 
there was a protein interaction with spasmin.  To identify the protein, GST-spasmin and 
west-western blotting (far-western blotting) were performed.  Fig. 4-6 A shows that 50 kDa and 
40 kDa were found on the SDS-PAGE gel when the GST-spasmin was incubated with 
spasmoneme extracted protein without DEPC modification.  The results implied that 50 kDa 
and 40 kDa were modified with DEPC.  In addition, we found that there was no 40 kDa band 
after the ECL membrane was visualized by means of ECL chemilluminesence.  The results 
suggest that the 50 kDa was the interaction protein with spasmin. 
Chemical modification method is a very useful strategy to study protein function, identify 
active site, and pinpoint the essential residues. Spasmoneme contains only a few proteins.  
Amos et al proposed that the spasmin played a dominant role in spasmoneme contraction, while 
no other proteins relate directly or indirectly to this activity (Amos et al, 1975).  However, we 
found that some phenomena could not be explained by Amos’ proposal during our studies of the 
properties of spasmoneme contraction (Ochiai et al, 1979; Ochiai et al, 1981).  Our hypothesis 
is that there must be another protein besides spasmin, which is essential for spasmoneme 
contraction, and this protein could be spasmin receptor protein. If this hypothesis could be 
confirmed, spasmin, its receptor protein, and the interaction between them will become central 
factor that could be responsible for Ca2+-induced spasmoneme contraction. 
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In the present study, these results strongly suggest that histidine modification by DEPC take 
place on the spasmin receptor protein instead of on spasmin itself.  Especially, we found that 50 
kDa protein interacted with spasmin by GST-spasmin precipitation and west-western blotting.  
The result is consistent with Moriyama’s proposal (Moriyama et al, 1999).  Moriyama and Asai 
et al. proposed that spasmoneme is rubber-elastic and the molecular weight of a single flexible 
chain is estimated to be about 50 kDa, while spasmin, the molecular weight of which is about 20 
kDa, is not appropriate as a candidate for the chain.  The results will help us study and 
elucidated the contraction mechanism of spasmoneme from novel aspect.  Further work in our 
continuous study includes: the isolation of the proteins modified by DEPC, the study of the 
interaction between spasmin and the novel function protein, and the determination of the proteins 
conformational shifts before and after DEPC modification. 
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4.5  Figures and Tables 
 
 
 
 
 
Fig. 4-1  Scheme of histidine residues reaction with DEPC and hydroxylamine cleavage the 
ethoxyformly-histidyl bond. 
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Fig. 4-2  Effect of DEPC concentration on spasmoneme contractility degree. Glycerinated 
stalks were incubated with (0-2.5mM) DEPC for 20mins at 0℃ with 4mM EGTA, 0.1M KCl, 
and 20mM sodium phosphate, pH 6.0.  The contractility degree was determined by counting the 
coiling numbers of 100 individual stalks.  The contractility degree of spasmoneme was the ratio 
of average coiling numbers between after modification and before modification.  Data points 
are means + standard errors (N = 100). 
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Fig. 4-3  Effect of DEPC concentration and modification time on spasmoneme contractility 
degree.  Modification of glycerinated stalks with (○) 1, (■) 2, (▲) 3, (△) 4 and (□) 5mM 
DEPC was performed at 0℃ with 4mM EGTA, 0.1M KCl, and 20mM sodium phosphate, pH 
6.0.  The contractility degree was determined by counting the coiling numbers of 100 individual 
stalks.  The contractility degree of spasmoneme was the ratio of average coiling numbers 
between after and before modification.  Data points are means + standard errors (N = 100). 
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Fig. 4-4  Absorbance of spasmoneme with different DEPC concentration and absorbance 
change after 300mM hydroxylamine treatment the spasmoneme modified with 4mM DEPC.  
Curves 1: absorbance of spasmoneme with 1mM DEPC for 10 min, curve 2: absorbance of 
spasmoneme with 4mM DEPC for 10 min, Curve 3: absorbance of spasmoneme with 4mM 
DEPC treatments for 10mins and then with hydroxylamine for 240 min.  Absorbance of 
spasmoneme in solution B was the base line of the three-absorbance curves.  The experiment 
was repeated three times.  
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Table 4-1  Hydroxylamine Reversibility of DEPC Inhibition 
 
Chemical modification was performed at 0℃ with 4mM EGTA, 0.1 M KCl, and 20mM 
Sodium phosphate, pH 6.0. The modified spasmoneme was then immediately treated with 
300mM hydroxylamine at 0 ℃  for 240mins after 10mins DEPC modification. 
Measurements of spasmoneme contractility degree (%) were taken at different time point.  
Data points are means + standard errors (N = 100). 
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Talbe 4-2  Effect of Ca2+ Protect on Spasmoneme Coiling Number 
 
Spasmoneme was pre-incubated with stalk contraction solution for 10 mins (Stalk 
Contraction Solution: 2 mM Ca2+, 0.1 M KCl, and 20 mM sodium phosphate, pH 6.0).  
Then, the stalks were treated with 1.0 and 3.0mM DEPC solution, respectively, at 0℃ 
for 15mins. The average coiling number of 100 stalks was calculated. The control was 
not pre-incubated with Ca2+ solution before chemical modification.  Data points are 
means + standard errors (N = 100). 
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Fig. 4-5  Native PAGE (12.5%) of the spasmin with and without DEPC modification in the 
presence and absence of calcium. Lane 1: Spasmin and 2mM EGTA; Lane 2: Spasmin and 2 mM 
Ca2+; Lane 3: Spasmin, 4mM DEPC and 2mM Ca2+ (spasmin was incubated with Ca2+ before 
DEPC modification) ; Lane 4: Spasmin, 4mM DEPC and 2mM Ca2+ (spasmin was modified with 
DEPC, then incubated with Ca2+); Lane 5: Spasmin, 4mM DEPC and 2mM EGTA. 
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Fig. 4-6  SDS-PAGE(15%) of GST-spasmin and whole extracted protein from Vorticella sp. 
(A) and west-western blotting (B).  Lane 1: The proteins extracted from spasmoneme were not 
modified by DEPC before GST-spasmin incubation.  Lane 2: GST-spasmin.  Lane 3: The 
proteins extracted from spasmoneme were modified by DEPC before GST-spasmin incubation. 
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Chapter 5  Conclusions and Prospects 
5.1  Conclusions 
The stalk contraction mechanism of Vorticellidae ciliate is unresolved in detail on the 
molecular scale, although three hundred years has passed since Leeuwenhoek firstly described 
the Vorticella.  Most important, spasmoneme component was unknown and spasmoneme 
filament has not been reconstituted from purified proteins.  In the present study, main work 
focused on identifying essential amino acid residues and function protein besides the spasmin, 
further more, provided direct evidences insight into the spasmoneme contraction mechanism. 
These results of TNM modification on Vorticella sp. showed that tyrosine residues were 
essential for spasmoneme contraction and contributed to spasmin binding calcium.  In addition, 
calcium pre-incubation could not protect spasmin calcium binding ability against the loss caused 
by TNM modification, while calcium pre-incubation can protect the spasmoneme contractility 
against the loss.  The results indicated that another function protein existed in spasmoneme. 
In the investigation of DACM modification, we found that cysteine residues played an 
important role in spasmoneme contraction of Carchesium sp., while spasmoneme of Vorticella sp. 
was not affected by DACM modification.  In addition, the 200 kDa protein in spasmoneme 
extracted protein of Carchesium sp. was labeled by DACM and detected on the gel under a UV 
lamp.  In Vorticella sp. only low molecular weight protein was detected. 
The results of DEPC modification in Vorticella sp. suggested that histidine residues were 
also necessary for spasmoneme contraction.  From the experiments of GST-spasmin 
precipitation and west-western blotting, we found that the 50 kDa protein from Vorticella 
spasmoneme extracted proteins interacted with GST-spasmin. 
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5.2  Prospects  
    In the present study, two kinds of essential amino acid residues were identified in Vorticella 
sp. and one kind of essential amino acid was found in Carchesium sp.  In addition, Kono et al. 
has shown that tryphophan residues modified by NBS and HNBB would inhibit spasmoneme 
contraction.  It is necessary to explore the function of the other residues in order to elucidate the 
spasmoneme contraction mechanism. 
    The 200 kDa protein was labeled in Carchesium sp.  In Vorticella, the 50 kDa protein was 
identified by DEPC modification.  Both Vorticella sp. and Carchesium sp. belong to 
Vorticellidae ciliate and can repeat contraction/extension cycle by binding/releasing calcium, 
without ATP.  So it is also important work to purify the two proteins and investigate their 
biochemical properties. 
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